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Abstract²This work investigated hydroxyl radicals and 
hydrogen peroxide formation under a needle-plate electrode 
configuration using positive-polarity d.c. discharges generated in 
air, nitrogen and helium. The discharge mode in air and nitrogen 
was found to change above ultrapure water, initially a nanosecond 
pulse discharge was observed, transitioning to a diffuse discharge 
due to the increasing conductivity of the water. The discharge in 
helium was a nanosecond pulse discharge and the repetition rate 
increased with increasing water conductivity. It was found that 
hydroxyl radicals contribute to 7%, 78% and 70% of hydrogen 
peroxide formation when using ultrapure water in air, nitrogen 
and helium, respectively. It is suggested that hydroxyl radicals are 
formed by water reactions with energetic positive ions and neutral 
particles such as N2+, He+, O, H and HO2. Part of the hydrogen 
peroxide is formed directly from atoms and radical reactions with 
water in nitrogen and helium, while oxygen reactions are heavily 
involved for hydrogen peroxide formation in air. A 
fluorophotometry method, using terephthalic acid, was used to 
directly quantify the formation of hydroxyl radicals and 
compared with the tert-butanol method. 
 
Index Terms²Hydroxyl radical, Hydrogen peroxide, 
Non-thermal plasma, Liquid electrode, Diffuse discharge. 
I. INTRODUCTION 
dvanced oxidation processes (AOPs) using O3, H2O2, UV, 
or Fenton reactions have shown potential in treating 
hard-degradable and toxic organic compounds in wastewater [1, 
2]. Hydroxyl radicals (OH) produced in AOPs have high 
oxidation ability and the reactions do not produce carcinogenic 
by-products [3]; they can react with substances in a 
non-selective manner and convert organic compounds into 
carbon dioxide and water. The general hydroxyl radical 
reaction constant is more than 109 M-1s-1 [4]. Hydroxyl radicals 
are also an important source of H2O2 formation. As an 
alternative to traditional AOPs, non-thermal plasma induced 
AOPs have been extensively investigated over the last 30 years. 
The reactions occurring at the plasma-water interface lead to 
chemical activations by producing active species in-situ, 
including ions, reactive radicals, excited molecules and atoms, 
without the requirement for additional chemicals [5]. Hydrogen 
peroxide has been considered as a useful, but not perfect, 
indicator of OH radicals in plasma systems [6]; it is believed to  
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be the major product of OH radical dimerization reactions [6, 
7].  
Non-thermal plasma discharges with at least one water 
electrode have been extensively investigated. P. Andre [8] 
investigated diffuse discharges between two, non-metallic, 
liquid electrodes and characterised the plasma state in the 
inter-electrode gap under d.c. voltage. X. Lu [9, 10] studied the 
ignition of discharges between metal and water electrodes 
using an a.c. power supply and investigated the spatial and 
temporal behavior of OH emission to resolve the relative OH 
concentration during the discharge. Kanazawa found an OH 
radical production rate of the order of 10-9 Ms-1 using pulsed 
surface streamer discharges [11]; and of the order of 10-8 Ms-1 
using plasma jets [12]. Various methods have been employed 
for OH radical measurement, such as spectrophotometry [13], 
high-performance liquid chromatography (HPLC) [14], 
fluorophotometry [15], and electron spin resonance (ESR) 
[16]. Spectrophotometry, using potassium titanium (IV) 
oxalate (K2TiO(C2O4)2.2H2O), has been used to identify H2O2 
concentration in a liquid [17]. Tert-butanol has been used as an 
effective scavenger of OH radicals [18-19].  
In the present study, a pin-plate configured discharge reactor 
was developed to investigate the plasma-water interfacial 
reactions. The main objectives of this research were to: (1) 
quantify the OH radical formation at the plasma-water interface 
during discharge in different gases; (2) validate the hydroxyl 
radical formation using fluorophotometry and the terephthalic 
acid method; (3) quantify the H2O2 formation by using 
spectrophotometry and potassium titanium (IV) oxalate; and (4) 
investigate the reaction paths of OH radicals and H2O2 
formation.  
II. EXPERIMENTAL PROCESSES 
A. Reactor design and experimental set-up 
The reactor used in the study, shown in Fig. 1(a), has a 
typical pin-plate electrode configuration, consisting of a 
70-mm-high PTFE cylinder, with inner diameter of 40 mm and 
outer diameter of 50 mm. Two nylon flanges of 100 mm 
diameter and 10 mm depth were placed at either end of the 
cylinder, with an 8-mm-diameter copper electrode positioned in 
the center. A stainless-steel needle with 0.3-mm tip diameter 
was attached to the high-voltage (HV) electrode. The discharge 
gap between the needle tip and the solution surface was fixed at 
1 mm. The HV electrode was energized with positive-polarity 
d.c. voltage. For each treatment, a solution of total volume 
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10 ml was introduced into the reactor via a 5-ml pipette 
(P5000G, Gilson). Since various gases (air, nitrogen and 
helium) were used, the sealed reactor was evacuated to a 
standard pressure of 13 Torr using an Edwards E2M80 
rotary-vane vacuum pump, before being refilled with the 
working gas to atmospheric pressure. This process was 
repeated twice before each treatment. A conductivity meter 
(Thermo Orion Star) was employed to measure the 
conductivity of the solution before and after each treatment.  
A Glassman, PS/EJ20R30 power supply was used to provide 
positive-polarity d.c. voltage. A 6-0ȍcurrent-limiting resistor 
was connected in series with the reactor to minimize the 
charging current during the gas discharge. A Tektronix P6015A 
high-voltage probe with a bandwidth of 75 MHz was employed 
to measure the voltage applied to the reactor. A 50-ȍFRD[LDO
cable was connected to the grounded electrode of the reactor to 
measure the current waveform. A LeCroy digital oscilloscope 
(Waverunner 610Zi), with a bandwidth of 1 GHz and sampling 
rate of 20 GS/s, was used to record the waveforms. A 
fluorescence spectrophotometer (RF5301PC, Shimadzu 
Scientific Instruments) was employed to measure the 
concentration of 2-hydroxyterephthalic acid (HTA), the 
product of the reaction of OH radicals with terephthalic acid, to 
determine the concentration of OH radicals produced. When 
HTA molecules are irradiated with UV light with central 
wavelength of 310 nm, visible light of wavelength 425 nm is 
emitted. Also, a spectrophotometer (Thermo Scientific, 
Evolution 201) was used to measure the concentration of H2O2 
by measuring the absorption of Titanium (IV) - peroxide 
complex at the wavelength of 396 nm.  
B. Sample preparation and measurement 
All solutions were prepared from ultrapure water (Milli-Q 
type 1 ultrapure water). 200-mg of sodium hydroxide (ACS 
UHDJHQW  SHOOHWV, Sigma-Aldrich) was weighed and 
dissolved in 1000 ml of water to make a 5 mM 
sodium-hydroxide solution. As terephthalic acid only dissolves 
in alkaline conditions, 332 mg terephthalic acid (98%, Aldrich) 
was weighed and dissolved in the 1000 ml, 5 mM sodium 
hydroxide solution, and the solution was left to stand for two 
hours for complete dissolution. A calibration curve was plotted 
using 2-hydroxyterephthalic acid (97%, Aldrich) made up with 
sodium-hydroxide solution to determine the amount of OH 
radicals. 
35.4 g of potassium titanium (IV) oxalate (Technical,  
Ti basis), K2TiO(C2O4)2.2H2O, was dissolved in 300 ml of 
ultrapure water. 272 ml of concentrated sulphuric acid (ACS 
reagent, 95.0%, Aldrich) was mixed with potassium titanium 
oxalate solution (cooling and care are required) and made up to 
1 L with ultrapure water. 20 ml tert-butanol (ACS reagent, 
9.7%, Aldrich) was mixed in 1 L of ultrapure water to 
prepare a 0.2 M tert-butanol solution. After treatment, the 5 ml 
treated sample and 5 ml of titanium reagent were pipetted into a 
25 ml volumetric flask and made up to 25 ml with ultrapure 
water. The molar absorptivity of the titanium (IV)-peroxide 
complex was measured as İ396
 
= 905 mol-1cm-1. Experiments 
were conducted with treatment times of 5, 10, 15 and 20 
minutes, in air, nitrogen and helium under positive-polarity d.c. 
voltage; each treatment was repeated 3 times. 
III. VOLTAGE AND CURRENT CHARACTERISTICS 
A. Discharge above ultrapure water 
Fig. 2(a), (b), and (c) show the discharge voltage and current 
waveforms recorded during a discharge in air, using ultrapure 
water with a conductivity of 0.5 µScm-1. A capacitive current 
pulse of full width half maximum (FWHM) 17 ns was recorded 
at the start of the discharge, with a repetition rate of 2×105 
pulses per second (pps) and a voltage drop of 200 V. With 
increase of the treatment time to 10 minutes, the voltage drop 
rises to 600 V, the current waveform becomes a primary current 
pulse with a repetition rate of 4.5×104 pps, followed by 
repetitive secondary current pulses with lower amplitude, of 
which the repetition rate is 7×106 pps. When the treatment time 
was increased to 20 minutes, the repetitive secondary pulses 
were replaced by a long-tail current pulse of microsecond 
duration, with amplitude of 5 mA; the voltage drop increased to 
800 V and the discharge repetition rate reduced to 2.8×104 pps. 
The significant changes to the observed current waveforms 
with increasing treatment time are indicative of a change of the 
discharge mode with increase of water conductivity. 
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Fig. 1.  (a) Schematic diagram of reactor design and (b) experimental set-up. 
 
Solution  
The evolution of the discharge current waveform in nitrogen, 
as shown in Fig. 2(d), (e), and (f), is similar to the discharge in 
air. The amplitude of the microsecond-duration current pulse 
increased with treatment time, reaching 10 mA at 20 minutes. 
The discharge repetition rate dropped from 5×104 pps to 
1.25×104 pps. The discharge current in air and nitrogen both 
show a short-duration current pulse, followed by a long-tail 
current pulse of ~2 µs duration. This can be explained by the 
increasing water conductivity, as shown in Fig. 3, which shows 
that the conductivity reached 145 µScm-1 in air and 134 µScm-1 
in nitrogen, respectively, at 20 minutes. The water conductivity 
increased with time, indicative of ion production in the water as 
a result of reactions occurring at the plasma-water interface. In 
air and nitrogen discharges, a certain amount of nitrate and 
nitrite are produced, causing the water conductivity to increase. 
The initial water conductivity was 0.5 µScm-1, and the water 
acting as a dielectric barrier and presents capacitance 
characteristic. At the beginning of discharge, the voltage at the 
charge accumulation point increase to needle voltage, which 
inhibits the further development of the discharge. The charges 
release into water after discharge and the inter-duration 
between two discharge pulses presents the release time for 
charges in water. With increasing water conductivity, the water 
starts to present resistance characteristic, the resistance value 
decreasing results in a weaker inhibition effect. Thus, discharge 
can develop more fully and initiate secondary repetitive 
discharges in the channel. The repetition rate of the secondary 
current increased dramatically with increasing water 
conductivity, of which the water resistance further decreasing 
and a long-tail presents a more fully developed diffuse 
discharge after a nanosecond capacitive current.  
The current behaviour in helium is different from that in air 
and nitrogen discharges. A short current pulse of duration 38 ns 
and magnitude 20 mA is superimposed on a d.c. charging 
current of 0.33 mA. The repetition rate increased from 5×105 
pps to 1.25×106 pps from 0 to 10 minutes, and remained at 
1.25×106 pps until 20 minutes, while the pulse current 
amplitude was reduced to 10 mA; the water conductivity 
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Fig. 3.  measurement of water conductivity with treatment time. 
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Fig. 2.  Discharge current and voltage recorded: in air at (a) 0 minutes, (b) 10 minutes, and (c) 20 minutes; in nitrogen at (d) 0 minutes, (e) 10 minutes, and 
(f) 20 minutes; and in helium at (g) 0 minutes, (h) 10 minutes, and (i) 20 minutes.
increased from the initial level of 0.5 µScm-1 to 99 µScm-1. The 
d.c. voltage decreased from 1000 V to 630 V due to increase of 
the d.c. charging current from 0.33 mA to 0.4 mA. Although the 
concentration of H2O2 formed was higher in helium than in air 
and nitrogen (Section V), the water conductivity was the lowest, 
which is due to the low rate of electrolysis of H2O2. Z. Xiong 
[20] used a needle-plate metal electrode energized by a pulsed 
d.c. power supply and found that discharges in helium were 
characterised by a single current pulse, however, Trichel pulses 
were found in the discharges in oxygen and nitrogen. In the 
present work, using a water electrode, the dielectric barrier 
effect of water inhibits the development of an individual 
discharge, leading to repetitive secondary current pulses. P. 
Sunka [21] and B. Sun [22] investigated pulsed streamer corona 
discharges in water and found that the water conductivity plays 
an important role in discharge mode. The initial discharge in 
water is relatively weak, before the increased water 
conductivity leads to a diffuse discharge.  
B. Discharge above 5-mM sodium-hydroxide solution 
To compare with discharges above ultrapure water, 
high-conductivity solutions were used to investigate the current 
and voltage characteristics during the discharge. The 5-mM 
NaOH solutions used had a conductivity of 1250 µScm-1, which 
was found to remain constant during the discharge. The 
discharge current has a tail component of amplitude 40 mA in 
air and nitrogen, following the nanosecond range capacitive 
current as shown in Fig. 4. The tails of the current waveforms in 
air and nitrogen discharges are similar to the results observed 
when using ultrapure water, suggesting that the long-tail 
current observed with increasing treatment time in ultrapure 
water is due to increasing water conductivity during the 
treatment. In a positive streamer discharge, positive ions at the 
streamer head move upon the solution surface, inducing the 
primary current pulse in the external circuit. A conductive 
channel is established to enable a follow-up diffuse discharge to 
develop when the solution conductivity is high enough, leading 
to the long-tail current pulse. In all of the gases investigated, the 
primary current pulse has duration of a few nanoseconds, 
followed by a tail current of duration ~0.5 µs in helium and ~1 
µs in air and nitrogen. The voltage drop approached 1 kV in all 
cases. There is no obvious delay between the primary and 
secondary current in helium discharges; the current has higher 
amplitude of ~320 mA, compared to ~120 mA in air and ~70 
mA in nitrogen, which is considered to be due to the much 
lower breakdown voltage of helium.  
IV. HYDROXYL RADICAL DETECTION USING TEREPHTHALIC 
ACID  
The amount of OH formed in the solution was determined by 
using a terephthalic acid and fluorophotometry method. The 
conductivity of the initial solution was 1250 µScm-1, and this 
remained constant during treatment. The results demonstrate 
that OH radical formation, in positive-polarity d.c. streamer 
discharges, was affected significantly by the gas type, as shown 
in Fig. 5. The OH radical concentration increased linearly 
during the 20-minute treatments, and the OH radical 
concentration reached 0.03 µmol, 0.06 µmol and 0.11 µmol in 
air, nitrogen and helium, respectively.  
The concentration of OH radicals formed in helium was 3.7 
times higher than that in air, and 1.8 times higher than that in 
nitrogen. In positive streamer discharges, the reaction of ions 
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Fig. 4. Discharge voltage and current waveforms above NaOH solution for (a) air discharge, (b) nitrogen discharge and (c) helium discharge.  
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Fig. 5. OH formation in the terephthalic acid solution during air, nitrogen 
and helium discharge. 
 
with water is considered to be the major source of OH radicals. 
The energetic positive ions and excited-state molecules react 
with water to form OH radicals and ground-state gas molecules. 
The major chemical reactions occurring during the treatments 
in this study are summarized in Eqs. (1-15) in Table 1 [6, 
23-27].  
Oxygen atoms react with water molecules to form hydrogen 
peroxide, Eqs. (6-9). Energetic electrons react with gas-phase 
water molecules by collision and attachment to form OH 
radicals depending upon the energy level, Eqs. (10-12). 
Hydrogen atoms, the product of direct water molecule 
collisional separation, can further react with oxygen and HO2, 
leading to OH radical formation, Eqs. (13-15). 
V. HYDROXYL RADICAL DETECTION USING TITANIUM (IV) 
AND TERT-BUTANOL 
There are various reactions leading to the formation of 
hydrogen peroxide at the plasma-water interface. A major 
reaction path is through the dimerization of OH radicals, as 
shown in Eq. (16). To determine the amount of OH radicals 
formed, hydrogen peroxide was measured with Tert-butanol 
added to the solution, which is an effective OH radical 
scavenger as described in Eq. (17) [7], to terminate OH radical 
dimerization. By measuring the difference of hydrogen 
peroxide formation with and without the addition of 
Tert-butanol to the solution, it is possible to determine the 
amount of hydroxyl radicals formed.  
 
2 OH ĺ H2O2                                                  (16) 
 
OH + CH3C(CH3)2OH ĺ CH2C(CH3)2OH + H2O       (17)  
                 
The addition of Tert-butanol does not change the solution 
conductivity. Spectrophotometric determination of H2O2 by 
using potassium titanium (IV) oxalate was employed to 
determine the formation of H2O2. Titanium (IV) - peroxide 
complex, the product of H2O2 reacting with titanium (IV), has a 
yellow-orange colour, with an absorption peak at Ȝmax=396 nm.  
A. Discharge above 5-mM sodium-hydroxide solution 
In order to make comparisons with OH radical detection 
using the terephthalic acid and fluorophotometry method 
(Section IV), a 5-mM NaOH solution was used in the treatment. 
Without the Tert-butanol added to the solution, the amount of 
H2O2 detected increased linearly with time up to 20 minutes, 
and reached 0.78 µmol, 2.76 µmol and 3.31 µmol in air, 
nitrogen and helium, respectively, as shown in Fig. 6(a). In 
comparison, when the Tert-butanol was added to the solution, 
the amount of H2O2 detected after 20 minutes treatment was 
reduced to 0.75 µmol, 0.71 µmol and 1.04 µmol in air, nitrogen 
and helium, respectively. It can be calculated that 4%, 74% and 
68% of the H2O2 formation in air, nitrogen and helium, 
respectively, was obtained from OH radicals; the 
corresponding amount of OH radicals is 0.06 µmol, 4.1 µmol 
and 4.54 µmol.  
OH radicals played an important role in H2O2 formation 
under nitrogen and helium, but had very limited contribution to 
H2O2 formation in air. The results suggest that the major 
reaction leading to H2O2 formation in nitrogen and helium is 
OH dimerization. In air, the possible paths are hydrogen atoms 
reacting with HO2, and HO2 dimerization. HO2 can lead to H2O2 
formation by reactions in water vapour, as shown in Eqs. 
(18-19). Reactions of excited oxygen molecules and atoms with 
water may lead to H2O2 formation in the solution in an air 
discharge. Other than that, electron attachment to oxygen 
molecules can also lead to H2O2 formation by the reactions 
shown in Eqs. (13, 20-24) [6, 24-29].  
 
H + HO2 ĺ H2O2                            (18) 
2HO2 ĺ H2O2 + O2                                       (19) 
O2 + e ĺ O2-                              (20) 
O2- + H+ ļ HO2                            (21) 
HO2 + e ĺ HO2-                           (22) 
HO2- + H+ ĺ H2O2                         (23) 
HO2 + H ĺ H2O2                          (24) 
 
In comparison to the OH radical detection results using the 
TA method, the results obtained using Tert-butanol are 2 times, 
68 times and 41 times higher in air, nitrogen and helium, 
respectively. The significant difference suggests that the 
formation of OH radicals at the interface was inhibited in the 
solutions consisting of terephthalic acid and NaOH.  
B. Discharge above ultrapure water 
Due to the difference in discharge mode above ultrapure 
water, H2O2 formation using ultrapure water was also measured. 
In Fig. 6(b), the amount of H2O2 increased almost linearly with 
time and reached 2.15 µmol, 5.24 µmol and 9.94 µmol in air, 
nitrogen and helium, respectively, after 20 minutes of treatment, 
TABLE I 
HYDROXYL RADICALS FORMATION REACTIONS 
N2 Hĺ12+ + 2e  (2)  
N2+ + H22ĺ12 + H2O+ (1)  
H2O+ + H22ĺ+3O+ + OH (2) 
N2* + H22ĺ2++12 (3)  
+HHĺ+H+ + 2e (4) 
He+ + H22ĺ+H + H2O+ (5)  
O2 Hĺ22+ + 2e  (6)  
O2+ + H22ĺ22 + H2O+ (7) 
O2 Hĺ22 + e  (8)  
O + H22ĺ+2O2  (9)  
H22Hĺ+- + OH  (10)  
H22Hĺ+2++ e  (11)  
H2O + e ĺH2O+ + 2e  (12) 
H + O2 ĺ+22  (13)  
O + HO2 ĺ2+22 (14)  
H + HO2 ĺ2+ (15) 
 
which is 2.8 times, 1.9 times and 3.0 times higher compared to 
the results obtained in the discharge above NaOH solution. The 
difference may be caused by different discharge modes in 
NaOH solution and ultrapure water. The NaOH solution itself 
may inhibit the formation of hydroxyl radicals at the interface 
reactions; this requires further investigation.  
H2O2 formation was reduced when the OH scavenger 
Tert-butanol was added to the solution. Only 2 µmol, 1.2 µmol 
and 3 µmol of H2O2 were detected after 20 minutes treatment in 
air, nitrogen and helium, respectively. It can be calculated that  
7% (air), 78% (nitrogen) and 70% (helium) of the H2O2 
detected was formed by OH radicals, as shown in Fig. 6(b). The 
remaining 22% and 30% of the H2O2 formation in nitrogen and 
helium, respectively, may be due to reactions occurring in 
water vapour to form H2O2, subsequently dissolved in the 
solution during treatment.  
Similar to the results obtained using NaOH solution, little 
effect on H2O2 formation was observed in air by adding 
Tert-butanol to the solution. Fig. 7 plots the reaction paths for 
OH radical and H2O2 formation in air, nitrogen and helium 
discharges. Hydroxyl radical dimerization, as shown in Eq. (16), 
is the major source of hydrogen peroxide formation in nitrogen 
and helium discharges. The discharge in helium has the highest 
formation of OH and H2O2 whether using NaOH solution or 
ultrapure water.   
VI. CONCLUSIONS 
The conductivity of ultrapure water increased with treatment 
time as a result of ion formation in the water through 
plasma-water interfacial reactions. The solution conductivity 
plays an important role in determining the discharge mode. The 
amplitude of the tail associated with the observed current pulses 
started to increase when the water conductivity rose to ~30 
µScm-1, reaching 5 mA at 145 µScm-1 in air discharges, 
indicating a transition to the diffuse discharge mode. It was 
identified that 4%, 74%, and 68% of the H2O2 formation using 
NaOH solution was via OH dimerization in air, nitrogen and 
helium discharges, respectively; the corresponding 
contributions in ultrapure water were 7%, 78% and 70%. OH 
radical dimerization is the major path for H2O2 formation in 
nitrogen and helium discharges. Discharges in helium yield the 
highest OH and H2O2 formation. The concentrations of OH 
radicals detected using the fluorophotometry and TA method 
were much lower than those determined using the Tert-butanol 
method; the terephthalic acid and NaOH solution may inhibit 
the formation of hydroxyl radicals.  
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